The voltage-dependent K ؉ channel responsible for the slowly activating delayed K ؉ current IKs is composed of pore-forming KCNQ1 and regulatory KCNE1 subunits, which are mutated in familial forms of cardiac long QT syndrome. Because KCNQ1 and KCNE1 genes also are expressed in epithelial tissues, such as the kidneys and the intestine, we have investigated the adaptation of KCNE1-deficient mice to different K ؉ and Na ؉ intakes. On a normal K ؉ diet, homozygous kcne1 ؊/؊ mice exhibit signs of chronic volume depletion associated with fecal Na ؉ and K ؉ wasting and have lower plasma K ؉ concentration and higher levels of aldosterone than wild-type mice. Although plasma aldosterone can be suppressed by low K ؉ diets or stimulated by low Na ؉ diets, a high K ؉ diet provokes a tremendous increase of plasma aldosterone levels in kcne1 ؊/؊ mice as compared with wild-type mice (7.1-fold vs. 1.8-fold) despite lower plasma K ؉ in kcne1 ؊/؊ mice. This exacerbated aldosterone production in kcne1 ؊/؊ mice is accompanied by an abnormally high plasma renin concentration, which could partly explain the hyperaldosteronism. In addition, we found that KCNE1 and KCNQ1 mRNAs are expressed in the zona glomerulosa of adrenal glands where I Ks may directly participate in the control of aldosterone production by plasma K ؉ . These results, which show that KCNE1 and I Ks are involved in K ؉ homeostasis, might have important implications for patients with I Ks-related long QT syndrome, because hypokalemia is a well known risk factor for the occurrence of torsades de pointes ventricular arrhythmia. T he slowly activating delayed K ϩ current, known as I Ks , is formed by the assembly of two distinct subunits KCNQ1 and KCNE1 (formerly called KvLQT1 and IsK͞MinK, respectively; refs. 1 and 2). KCNQ1 is a pore-forming K ϩ channel protein with six transmembrane domains, whereas KCNE1 is a singletransmembrane domain protein that acts as a regulatory subunit (3, 4). In humans, mutations in the genes encoding these two subunits are associated with long QT (LQT) syndrome, a familial disorder that predisposes to a polymorphic type of ventricular arrhythmia known as torsades de pointes that may lead to syncope and sudden death (5).
T he slowly activating delayed K ϩ current, known as I Ks , is formed by the assembly of two distinct subunits KCNQ1 and KCNE1 (formerly called KvLQT1 and IsK͞MinK, respectively; refs. 1 and 2). KCNQ1 is a pore-forming K ϩ channel protein with six transmembrane domains, whereas KCNE1 is a singletransmembrane domain protein that acts as a regulatory subunit (3, 4) . In humans, mutations in the genes encoding these two subunits are associated with long QT (LQT) syndrome, a familial disorder that predisposes to a polymorphic type of ventricular arrhythmia known as torsades de pointes that may lead to syncope and sudden death (5) .
LQT syndrome includes two clinically specific syndromes that share similar cardiac abnormalities. The most frequent, called Romano-Ward syndrome, is autosomal dominant although some recessive cases also have been described (6, 7) . RomanoWard syndrome consists only in cardiac defects. Conversely, recessive and rarer Jervell and Lange-Nielsen (JLN) syndrome comprises bilateral deafness in addition to the cardiac phenotype (8) . Null mutant mice with a targeted disruption of the kcne1 gene have been engineered (9) . At the homozygous state, these mice represent a relevant animal model of the JLN syndrome. As in JLN patients, kcne1-deficient mice bore bilateral deafness from birth because of the absence of K ϩ secretion into the endolymph (9) . Analysis of the cardiac phenotype of these mice has highlighted the important role of the I Ks current in the adaptability of the duration of ventricular repolarization to heart rate changes (10) .
In addition to the heart and the inner ear, KCNE1 is expressed in many epithelial tissues including the intestine and the kidneys where it was originally cloned (11) , but there are few data, if any, regarding its function in these tissues. It is particularly important to evaluate whether the I Ks current plays a role in the control of systemic K ϩ balance, because disturbance of plasma K ϩ concentration is a well known factor influencing the occurrence of ventricular arrhythmia (12, 13 (19) , have been shown to produce chronic perturbations of K ϩ homeostasis. In this study, we show that kcne1 is another gene critically involved in K ϩ homeostasis and in plasma K ϩ -mediated regulation of aldosterone and renin production. The results suggest that mutations in the KCNE1 gene may promote the apparition of torsades de pointes ventricular arrhythmia both directly by acting on ventricular repolarization and indirectly by influencing plasma K ϩ .
Materials and Methods kcne1-Deficient Mice and Experimental
Design. The mice were generated by the usual gene-targeting methodologies as previously described (9) . The animals used in this study were 3-5 months old and were inbred on the 129͞Sv genetic background. Mice were chronically maintained on a normal diet (0.9% K ϩ , 0.3% Na ϩ ). For the experiments, they were fed high (3%) or low (0.05%) K ϩ chow (UAR, Epinay, France) or barley (low Na ϩ diet) for 2 weeks before measuring the molecular, biochemical, and physiological parameters. The animals were allowed free access to food and water in full compliance with the French Government animal welfare policy.
(Immunotech, Marseille, France) with a very low crossreactivity with corticosterone (0.042% according to the manufacturer). Plasma creatinine and ion concentrations were determined by using an automatic liquid-phase analyzer (Hitachi, model 917, Roche, Basel). Osmolality and hematocrit were measured, respectively, with a Fiske One Ten Osmometer (Norwood, Massachusetts) and a Cobas Micro Hematology Analyzer (Roche Diagnostics). Plasma renin concentration (PRC) was determined by RIA of angiotensin I generated by incubation of the plasma at pH 8.5 in the presence of an excess of rat angiotensinogen (20) .
Blood Pressure and Electrocardiogram Measurements. Ketamine͞ xylazine-anesthetized mice (7.0 and 0.4 mg͞100 g body weight, respectively) were equipped with a catheter [extruded phycoerythrin (PE)-10 heat-sealed to PE-50] inserted into the femoral artery. Mean blood pressure was measured with a pressure transducer (Cobe, Lakewood, CO) connected to a PowerLab͞S system and analyzed with CHART ver. 3 .4͞S software (A. D. Instruments, Phymep, France). Values were collected three times at 10-min intervals during a 3-min period and averaged. Electrocardiography was performed in ketamine͞xylazine-anesthetized mice as previously described (10) .
Balance Studies. Water and food intakes as well as urine and fecal outputs were determined by using individual metabolic cages (Marty Technology, Paris, France) during two consecutive 24-h periods that were averaged for each animal. Urinary ion concentrations were measured on the same automatic analyzer used for plasma samples. The feces were weighed, suspended overnight in 0.75 N nitric acid at 4°C, and centrifuged; Na ϩ and K ϩ content were determined in the supernatant with a flame photometer (model 480; Corning Medical and Scientific, Medfield, MA).
Ussing Chamber Experiments. Mice were killed by decapitation. The distal colon was removed, stripped from the muscle layer, and mounted into an Ussing chamber (area, 0.07 cm 2 ). The chamber (1 ml) was thermostated at 37°C and continuously perfused on both sides at a rate of 10-20 ml͞min with a solution containing (in mM): 145 NaCl, 0.4 KH 2 PO 4 , 1.6 K 2 HPO 4 , 5 D-glucose, 1 MgCl 2 , and 1.3 calcium gluconate; the pH was adjusted to 7.4. Trans-epithelial resistance (R te ) was determined from the voltage deflection ⌬V te caused by the injection of short current pulses (1 sec; 1.5 A); the resistance of the empty chamber was subtracted. Equivalent short-circuit current (I sc ) was calculated from trans-epithelial voltage (V te ) and R te according to Ohm's law. The polarity of I sc and V te was referred to the lumen (21) . A minus sign indicated the lumen negative voltage as compared with the basolateral surface.
In Situ Hybridization and Reverse Transcription (RT)-PCR. Anesthetized mice were perfused with 4% paraformaldehyde͞PBS solution and adrenal glands were dissected and postfixed in the same solution for 2 h. Paraffin-embedded sections (5 m) were dewaxed by incubation in xylene and used for in situ hybridization as previously described (22) . The 5Ј end of the KCNE1 cDNA sequence [nucleotides 1-512, GenBank accession no. X60457 (23) ] inserted into pBluescript II SK(Ϫ) vector (Stratagene) was used as a template to generate [ 33 P]UTPlabeled sense and antisense riboprobes. Slides were dipped into Amersham Pharmacia hypercoat LM-1 autoradiography emulsion, exposed at 4°C for 3 weeks, and then developed in Kodak D-19.
Reverse transcription was performed on adrenal gland total RNA (1 g). KCNQ1 (650 bp) and KCNE1 (451 bp) cDNA fragments were PCR-amplified (32 cycles, 30 s at 94°C, 30 s at 60°C, 30 s at 72°C) using specific oligonucleotides (5Ј-CTG-AGAAAGATGCGGTGAAC-3Ј sense and 5Ј-TGGGGGTCA-GCAGTGTCTCC-3Ј antisense for KCNQ1) and (5Ј-CGACT-GTTCTGCCCTTTCTG-3Ј sense and 5Ј-CTCAGTGGTGCC-CCTACAAT-3Ј antisense for KCNE1). The specificity of the amplified fragments was checked by hybridization with internal oligonucleotides after Southern blotting. Blood analyses in kcne1 Ϫ/Ϫ and wild-type mice at steady state on a normal diet. Plasma K ϩ , Na ϩ , Cl Ϫ , osmolality, and hematocrit were measured in blood collected from animals chronically fed a normal K ϩ (0.9%) and Na ϩ (0.3%) diet. In addition to the hypokalemia, kcne1 Ϫ/Ϫ mice present signs of dehydration as shown by the elevation in plasma osmolality and hematocrit and the increased plasma Na ϩ and Cl Ϫ concentrations.
(68.3 Ϯ 13.4 vs. 64.1 Ϯ 5.9 pg͞ml, n ϭ 44, P ϭ 0.75). The low Na ϩ diet increases plasma aldosterone levels but no difference is observed between kcne1 Ϫ/Ϫ and wild-type mice (583.2 Ϯ 136.4 vs. 444.4 Ϯ 39.9 pg͞ml, n ϭ 22, P ϭ 0.34; Fig. 2 A) .
Varying K ϩ dietary intakes also influences plasma renin levels. In wild-type mice, the high K ϩ diet reduces PRC from 803.4 Ϯ 100.7 to 340.3 Ϯ 47.6 pg angiotensin (angio) I per ml͞h, n ϭ 82, P Ͻ 0.003, whereas the low K ϩ diet increases PRC up to 1,672.2 Ϯ 271.9 pg angio I per ml͞h, n ϭ 73, P Ͻ 0.004 ( and wild-type mice (908.9 Ϯ 154.7 and 1,079.9 Ϯ 212.6 pg͞ml, n ϭ 22, P ϭ 0.52; Fig. 2B ).
Blood Pressure. kcne1
Ϫ/Ϫ and wild-type mice have similar mean blood pressure on the normal K ϩ diet (120.4 Ϯ 3.1 vs. 118.6 Ϯ 2.3 mmHg (1 mmHg ϭ 133 Pa), n ϭ 14, P ϭ 0.38). As expected, blood pressure diminishes under a high K ϩ diet but similarly in kcne1 Ϫ/Ϫ and wild-type mice (97.4 Ϯ 2.3 vs. 95.2 Ϯ 2.5 mmHg, n ϭ 30, P ϭ 0.52) despite the marked hyperaldosteronism and high PRC observed in kcne1 Ϫ/Ϫ mice.
Electrocardiography. The heart rate and QT interval vary according to plasma K ϩ . Indeed, the QT͞RR adaptation is exacerbated in hypokalemic kcne1 Ϫ/Ϫ mice compared with normokalemic wild-type mice (slope: 0.97 Ϯ 0.15 vs. 0.60 Ϯ 0.07, n ϭ 11, P Ͻ 0.05) yielding QT intervals of 105 and 90 ms, respectively, at a heart rate of 400 beats per minute. (Fig. 3A) . kcne1 Ϫ/Ϫ mice fed a normal, high, or low K ϩ diet excrete per gram of feces, respectively, 2.2-, 1.8-, or 1.4-fold as much K ϩ and 1.9-, 1.8-, or 1.8-fold as much Fig. 2 . Plasma aldosterone and renin levels in kcne1 Ϫ/Ϫ and wild-type mice challenged with various K ϩ or Na ϩ diets. The dosages were performed on blood collected from animals maintained on a normal diet or fed high or low K ϩ diets or a low Na ϩ diet for 2 weeks. (A) The hyperaldosteronism in kcne1 Ϫ/Ϫ mice is blunted by low K ϩ or Na ϩ diets but strongly exacerbated by high K ϩ intake. (B) PRC is not different between kcne1 Ϫ/Ϫ and wild-type mice except on the high K ϩ diet, which does not decrease PRC in kcne1 Ϫ/Ϫ mice. PRC is expressed as the amount of angiotensin I formed per ml of plasma per h of incubation. Fig. 3 . Fecal and urinary K ϩ and Na ϩ excretion in kcne1 Ϫ/Ϫ and wild-type mice challenged with various K ϩ diets. Twenty-four-hour urinary and fecal excretion were determined on animals fed high or low K ϩ diets for 2 weeks. (A) Compared with wild-type mice, kcne1 Ϫ/Ϫ mice lose K ϩ and Na ϩ in the feces for all K ϩ intakes. (B) Urinary K ϩ and Na ϩ excretion normalized to creatinine excretion are not different between kcne1 Ϫ/Ϫ and wild-type mice whatever the K ϩ intake. Na ϩ as wild-type mice (Fig. 3A) . Thus, kcne1 Tissue Expression of KCNE1. It is known from previous work that KCNE1 is expressed in renal proximal tubules (24) and in the colon (25) . This is confirmed by RT-PCR experiments showing a clear expression of KCNE1 and KCNQ1 in the kidneys and colon (Fig. 5A) . The KCNE1 signal in the colon is low compared with the KCNQ1 signal, which is in good agreement with the fact that KCNQ1 is associated mainly with KCNE3 in this organ to form the basolateral cAMP-activated K ϩ channel (26) whose activity does not seem to be affected in kcne1 Ϫ/Ϫ mice. Both RT-PCR and in situ hybridization reveal the presence of KCNE1 mRNA in adrenal glands, particularly in the zona glomerulosa that synthesizes aldosterone (Fig. 5B) . KCNE1 mRNA is also expressed in the zona reticularis and to a lesser extent in the zona fasciculata, but not in the medulla (data not shown).
Discussion
Null mutant kcne1 mice that lack the I Ks current represent a model for the human Jervell and Lange-Nielsen syndrome that is characterized by cardiac and auditory defects (8) (9) (10) . In addition to the heart and inner ear, KCNE1 also is expressed in several epithelial tissues (27, 28) where its functional role is still not clearly understood (29) . In this study, we report that kcne1 Ϫ/Ϫ mice at steady state on a normal K ϩ diet display chronic hypokalemia, hyperaldosteronism, dehydration, and Na ϩ and K ϩ fecal wasting. Such an association between hypokalemia and hyperaldosteronism could be explained by a primary epithelial defect and͞or by a primary hyperaldosteronism subsequent to adrenal dysfunction.
When originating from epithelial defects, hypokalemia usually results from an increased K ϩ secretion triggered by upregulation of Na ϩ reabsorption in the renal collecting tubule cells (30) . Such a situation is observed in Liddle's syndrome where the primary defects are found in the amiloride-sensitive epithelial Na ϩ channel (ENaC) ␤ and ␥ subunits (16, 31) . In this syndrome, the constitutive activation of ENaC leads to an hypoaldosteronism acting as a compensatory mechanism to limit Na ϩ reabsorption and K ϩ wasting. Hypokalemia associated with an hyperaldosteronism can be observed in cases of primary Na ϩ , K ϩ , and͞or Cl (32) . The KCNE1 protein has been detected in the apical membrane of proximal convoluted tubular cells (24) and, although kcne1 Ϫ/Ϫ mice do not present overt signs of global renal dysfunction, a proximal K ϩ transport defect having significant consequences on systemic K ϩ balance and aldosteronemia cannot be excluded (33) . Indeed, it has been shown recently that K ϩ flux through a KCNE1-associated channel contributes to K ϩ secretion and maintenance of the electrical driving force for Na ϩ -coupled transport in the proximal tubule (34) . It is known that proximal tubular defects can be almost completely masked at the whole kidney level by various compensatory phenomena as observed, for example, in isoform 3 Na ϩ ,H ϩ exchanger-deficient mice (19) . The chronic fecal Na ϩ and K ϩ wasting in kcne1 Ϫ/Ϫ mice compared with wild-type mice indicates the presence of an intestinal epithelial ion transport abnormality. It is possible that some Na ϩ reabsorptive pathways like the isoform 3 of the Na ϩ ,H ϩ exchanger (19) might be affected by the lack of KCNE1 to explain the Na ϩ loss. The fecal Na ϩ losing process would occur in the small intestine and͞or in the pancreas and could cause the chronic volume depletion and hyperaldosteronism despite the increased amiloride-sensitive Na ϩ reabsorption in the colon, which would act as a compensatory phenomenon limiting the fecal Na ϩ loss. The K (14) .
The hypokalemia in kcne1 Ϫ/Ϫ mice could also result from a primary hyperaldosteronism that can be either idiopathic or related to adrenal hyperplasia (35) . This latter possibility can be excluded in kcne1 Ϫ/Ϫ mice because no sign of cortical hyperplasia or tumor adenomas is observed at anatomical examination of adrenal glands (data not shown). One of the main characteristics of primary hyperaldosteronism consists of weak responsiveness to maneuvers designed to alter plasma aldosterone levels (35) . Plasma K ϩ and angiotensin II are potent regulators of aldosterone secretion from the zona glomerulosa (36) . In this study, low K ϩ or Na ϩ diets show, respectively, that the hyperaldosteronism is fully remediable and that adrenal aldosterone secretion can be stimulated normally in kcne1 Ϫ/Ϫ mice. Hence, adrenal aldosterone synthesis and secretion pathways do not seem to be affected per se by the lack of KCNE1 in accordance with the normal anatomical structure of the glands.
Conversely, the increase in plasma aldosterone levels triggered by the high K ϩ diet is markedly exacerbated in kcne1 Ϫ/Ϫ compared with wild-type mice, indicating that KCNE1 might be involved in the control of aldosterone production by extracellular K channels, thus increasing their open probability even at relatively polarized membrane potentials (37) . On the other hand, even very small elevations of extracellular K ϩ concentration can cause a membrane depolarization leading to opening of the T-type Ca 2ϩ channels, which in turn increases further the depolarization (40) . This large depolarization is thought to activate voltagedependent K ϩ channels that blunt the depolarizing response to inward currents and limit the Ca 2ϩ influx and aldosterone secretion (40) . These depolarization-activated K ϩ conductances in glomerulosa cells are not yet well characterized and their molecular nature is totally unknown (41) . Our results strongly suggest that the I Ks current is one of the conductances restraining aldosterone secretion. The low Na ϩ intake may elicit the same aldosterone response in kcne1 Ϫ/Ϫ and wild-type mice, because angiotensin II causes a smaller depolarization than elevated K ϩ (37), which may not be sufficient to reach the threshold for opening the I Ks current. Of note, the presence of KCNE1 mRNA in the zona reticularis and zona fasciculata cells of the adrenal cortex suggests that the I Ks current could be similarly involved in the control of androgen and glucocorticoid secretion.
Dietary K ϩ is a known controller of renal renin synthesis (42) . High K ϩ diet usually decreases PRC, whereas a low K ϩ diet has the opposite effect, as shown by this study in wild-type mice. PRC does not respond to dietary K ϩ load or deprivation in kcne1 Ϫ/Ϫ mice. The resulting abnormally high PRC in kcne1 Ϫ/Ϫ mice fed the high K ϩ diet could participate in the increased aldosterone response by increasing the circulating concentration of angiotensin II. The mechanism by which the lack of KCNE1 affects renin production is not known and is probably indirect because no evidence of KCNE1 expression is found in renal juxtaglomerular apparatus (data not shown). Despite the abnormal status of the renin-angiotensin-aldosterone system, kcne1 Ϫ/Ϫ mice have normal blood pressure compared with wild-type mice even on the high K ϩ diet for which the hormonal imbalance is maximal.
Although one must remain cautious in extrapolating data from mice to humans, our finding that the I Ks current plays a significant role in K ϩ homeostasis as well as in aldosterone and renin production may have implications in human pathology, particularly in congenital LQT syndromes. Mutations in the KCNE1 gene are very rare in humans, but those in the KCNQ1 gene represent more than 50% of all forms of LQT syndrome (5) . Therefore, I Ks is certainly the most frequently affected channel in this type of cardiac disorder. Mutations affecting the I Ks current could favor ventricular arrhythmia both by prolonging ventricular repolarization and by inducing hypokalemia, which is a well known physiological trigger of torsades de pointes ventricular arrhythmia in humans (12, 13) . In addition, the recent Randomized Aldactone Evaluation Study trial has clearly demonstrated a deleterious influence of elevated plasma aldosterone levels by showing that treatment with a mineralocorticoid receptor antagonist reduces the risk of death from progressive heart failure and the risk of cardiac sudden death (43) . In view of the consequences of the kcne1 gene disruption on aldosterone production under a high K ϩ diet, it may be suggested that K ϩ load test could be applied to patients at risk to unmask a possible I Ks defect that could lead to sudden death if not adequately treated. In addition, hypokalemia and volume depletion should be systematically investigated in humans with LQT syndrome who eat a normal K ϩ diet.
